occurring in,regions of unusually low density. The general size and distribution of such regions is similar to that of myelinated fibres in normal tissue, and these may be areas in which demyelination has occurred. In one or two such areas axons are surrounded by a few layers of myelin but these are probably examples of remyelination rather than intermediate stages of demyelination.
An electron microscope study of experimental demyelination in the central nervous system has recently been published by Bunge et al. (1960) . Demyelination was induced in cat spinal cord by a repeated withdrawal and reinjection of cerebrospinal fluid. Preparations made within a few days of producing the experimental lesion showed a general loosening and final disintegration of the myelin layers, but the authors gave noinformation relating to the precise locations in the myelin layers at which the loosening commenced. From a consideration of such information in relation to studies of direct experimental modifications of myelin it might be possible to suggest what physical or chemical conditions could be responsible for this disintegrating effect. A remarkable feature of this study was the demonstration of a remyelination of some of these central nerve fibres within seVen days after the production of the lesion. The process of remyelination appeared essentially normal although it was suggested that macroglial rather than oligodendroglial cells were responsible.
The potentialities of the electron microscope techniques in relation to the study of demyelinating diseases are clearly demonstrated but there is still a lack of systematic analyses of nerve tissue at high resolution such as will be required if abnormalities other than those which would be recognized equally well by light microscopy are to be detected.
The Metabolism of Myelin by Professor G Payling Wright DM FRCP (London)
Among the many questions posed by multiple sclerosis and other comparable demyelinating diseases, one that is crucial for our ideas on their -pathogenesis is the durability of normal myelin sheaths in the mature central nervous system. Once they are laid down, do these sheaths have little metabolism and a long persistence, comparable, for example, with the persistence found by Neuberger for collagen fibres in adult animals? Or do they ordinarily need constant maintenance throughout lifea kind of unceasing running repairundertaken uninterruptedly by the neuroglial cells that originally took part in their deposition ? If constant maintenance is required the loss of the myelin sheaths in these diseases might result from some metabolic failure of these specialized cells. On the other hand, if the sheaths are normally a stable component of the nervous system their loss must be accounted for in some other waypossibly through an attack by some lytic agent that reaches them from their outer surface. Evidence that might lend weight to one or other of these possibilities could also prove of value in suggesting further lines of experiment designed to throw light on the pathogenesis of the process of demyelination.
The biophysical studies carried out with X-ray diffraction methods and with electron microscopy, discussed by Dr Finean, have shown that the myelin sheath is not a mere lipid tubular envelope for the nerve fibre, but that it possesses an elaborate internal molecular structure reminiscent of the interfacial lipid films studied by Langmuir & Adams. The regular arrangement and close alignment of the constituent protein and lipid molecules, together with the low concentration of 'free water', all suggest an absence of that freedom for molecular movement under thermal forces which is needed for rapid anabolic or catabolic transformations. These ideas were in the minds of my colleagues Dr Davison, Dr Dobbing and Mr Morgan and myself when we began studies some years ago on the metabolic behaviour of some of the better defined constituents of myelin.
The first consideration that governed our approach to the problem was that we felt it essential to employ some substance which fulfilled three criteria: (1) That it could be marked isotopically; (2) that it was either a known constituent, or thought to be a precursor of some constituent, of myelin; and (3) that it could be recovered quantitatively from the brain and other organs of our animals and estimated with accuracy. The second and more physiological consideration was that these substances should be administered to the animals while they are still very immature, so that the substances we were introducing should be readily available in the body during the time when the myelin sheaths were in process of formation.
Our first, and rather exploratory, experiments were made on chickens, and we selected 14Clabelled cholesterol for administration, partly because of the relatively high concentration of cholesterol in myelin, and partly because it can be recovered from extracts of brain and estimated readily as the insoluble digitonide. The radioactive cholesterol was injected directly into the yolk sac on the day after hatching, and if the young birds are merely given water freely, the injected cholesterol is soon absorbed together with the other contents of the sac. At the time of injection, the chicken's brain weighs rather less than 1 gram and contains about 7 mg of cholesterol; six weeks later, the brain has tripled in weight and the amount of its cholesterol has increased five times. Throughout this period, myelination has been taking place actively in the central nervous system.
When a series of such chickens was examined after the lapse of varying intervals of time, it was possible to extract the cholesterol from their organs and determine how much of it was present in the radioactive form (Davison, Dobbing, Morgan & Payling Wright 1958) . By the end of the first few days, the radioactivity of the cholesterol recovered from both the brain and the liver was high, but after it had reached this maximum, the radioactivity in both organs began to decline (Fig 1) . The subsequent courses of the analyses for the two organs, however, showed a significant difference, for whereas the cholesterol disappeared quickly from the liverlittle remaining after three monthsthat in the brain came down asymptotically to a level at which it remained with little sign of falling further during the ensuing twelve months. The disappearance of the cholesterol from the liver is in accordance with what is known of the ordinary metabolic pathway of this sterol. On the other hand, the early fall, succeeded by the later stabilization of the cholesterol in the brain, suggested that some part of this substance might have found a place outside the normal metabolic route.
Our estimates of the persistence of radioactive cholesterol in the brains of these chickens long after they had grown into mature fowls were confined to overall evaluations of its deposition and disposal in the central nervous system. Since cholesterol is an important constituent of cells as well as of myelin, it is not possible to separate any differing rates of turnover in these two tissue elements. Were it possible to dissociate the myelin from the cells, however, the cholesterol might be found to persist much longer in the myelin than in the cells.
In our second series of experiments, we repeated these observations on young rabbits, a species in which, as Edgar has shown, myelination in the brain proceeds for at least four months after birth (Davison, Dobbing, Morgan & Payling Wright 1959) . This change of species offered advantages in two ways: first, it supplemented the previous results on chickens with comparable ones on a mammala matter of importance in view of the differing forms of lipid metabolism in birds and mammals; and second, it enabled us to take advantage of the larger brain of the rabbit to find out whether there were differences in cholesterol retention in the grey and white matters. At the same time, we extended the scope of the experiments by following the changes in the amounts of radioactive cholesterol in three major organs, the liver, heart and kidneys, in addition to those in the spinal cord and in the grey and white matters of the brain.
In these experiments on rabbits the central nervous system again proved to be an exception among the four organs examined (Fig 2) . As with the chickens, the amount of radioactive cholesterol in the brain rose quickly to a maximum and then declined over the following months to reach a more or less stable level at about two hundred days. In the spinal cord the amount of radioactive cholesterol hardly changed throughout the year of the experiment. In both parts of the Lppeared to be steady amounts, long after take place in two stages: in the former, which sappeared from the plasma, liver, heart lasts for the first six months, it occurs steadily eys.
though at a decreasing tempo, while in the latter efirst few months the labelled cholesterol it differs little from what is found in the white iin fell gradually, but during the later six matter throughout the entire year. Two features of the experimental period, its rate of of white matter, its lower metabolic activity and vas much slower and it seemed that it its higher content of myelinated fibres, suggest entually cease at some stable value. This that this eventual stabilization may depend on the comes more understandable when the persistence of the labelled cholesterol that was vities of the grey and the white matters deposited in the myelin sheaths during the early mined separately. When this distinction days of the experiment. it seems that the decline of the labelled It may reasonably be questioned whether the ol in the two parts of the brain follows persistence of radioactive carbon in the brain courses (Fig 3) . That in the white matter necessarily implied the persistence of the same throughout the whole twelve months of cholesterol molecules that had been given to the whereas that in the grey matter seems to animals. There could be no doubt that the radioactivity that we measured came from the cholesterol and not from any other organic material present in the brain extracts, for no other constituent of these extracts would be precipitated as°°P NAL COW the digitonide. But it was less certain that these final cholesterol molecules were among those originally injected and were not new ones that had been synthesized by the animal from radio-0~. The cholesterol used for injection was specifically labelled by a radioactive carbon atom at position four on ring A. Our task of identification was much simplified by the fact that Windaus had co zoo aoozo shown that it is possible to remove this particular MS am atom from a cholesterol molecule by mild oxidastence of labelled cholsterol in brain, spinal tion without otherwise disrupting its main skelekidney, heart andplasmafollowing the injec-ton. Davison & Wajda (1959a) of radioactivity at carbon atom four after the chemical degradation of (4-14C) cholesterol recoveredfrom rabbit's brain one year after injection been recovered from the brains of chickens and rabbits which had been given specifically labelled cholesterol more than a year before. When this cholesterol, after remaining for this period in the animal's brain, was oxidized by Windaus's method, the residual keto-acid possessed no significant radioactivity (Fig 4) . Thus in both the injected and in the recovered cholesterol, the radioactive marker atom was in the same position in the molecule, and it is difficult, therefore, to escape the conclusion that this sterol undergoes no internal turnover once it is deposited in the central nervous system. In short, the radioactive cholesterol molecules that were present in the adult were among those injected into it when an immature animal more than a year before.
Although cholesterol has notable advantages in any experiments designed to study the metabolic turnover of myelin, the fact that it is present in many constituents of the cells in the brain as well as in the nerve sheaths inevitably complicates the interpretation of the analytical results obtained. It was for this reason that my colleagues and I decided to supplement our studies on cholesterol with others of a similar kind on cerebrosides. These compounds have two features in their favour: first, that they are present in large amounts in the mature central nervous systemindeed, after cholesterol, they are believed to form the largest lipid fraction of the myelin sheathand second, that their concentration in cells is small.
In contrast to our study with cholesterol, in which this substance was introduced in an already marked form, our method of attaching a label to the cerebroside was indirect. It has been found that the simple three carbon atom chain aminoacid serine can provide the starting material for the synthesis of a number of more complex substances, among them the nitrogenous base sphingosine which forms part of the cerebroside molecule ( Fig 5) . By injecting serine marked with radioactive carbon into immature animals, it becomes possible to label the cerebrosides that are laid down during the formation of their myelin sheaths.
The separation of the cerebrosides from other substances in chloroform-methanol extracts of the central nervous system poses problems of much greater technical difficulty than those set by cholesterol, and the success of our experiments has only been made possible by the methods of chromatographic separation of these lipids on an alumina column that have been developed by Davison & Wajda (1959b) . Employing this technique, they found it possible to obtain, almost quantitatively, preparations of brain cerebrosides which, when analysed for galactose, nitrogen, primary amine after hydrolysis, choline and phosphorus, were found to be almost devoid of other lipid contaminants. Once prepared, the estimation of the radioactivity of the cerebroside by scintillation counting was straightforward.
When radioactive serine is injected intraperitoneally into immature rabbits its breakdown products are quickly incorporated into the lipids of the brain. By the third day, the radioactive cerebrosides reach an amount from which they deviate little during the following six months during which the experiment lasted (Davison, Morgan, Wajda & Payling Wright 1959) . Indeed. the mean value of the amounts of labelled cerebrosides recovered from animals during the second three months of this period hardly differs from that for the first three months (Fig 6) .
Cerebrosides are perhaps the most distinctive of all the myelin lipids and their persistence in undiminished amounts over a period that takes the rabbit from a state of immaturity to one in which lipids recovered from the brain following the injection of (3-'4C) serine into 11-day-old rabbits myelination is complete is fully in line with the findings in the earlier experiments with cholesterol. It seems that these two lipid constituents of myelin undergo little if any turnover in normal animals. In a structure so intrinsically elaborate as the laminated myelin sheath it is difficult to suppose that some of its molecules could ordinarily be abstracted and replaced at frequent intervals without some dislocation of its architecture. It seems justifiable, therefore, to infer that in health the myelin sheath in its entirety is a stable tissue element with little or no evidence of metabolic turnover.
One of the main purposes of a symposium is lost if its participants confine themselves wholly to established findings and pay no regard to such conjectures as the work may suggest. If the myelin sheaths are such stable tissue elements, then their dissolution in multiple sclerosis would seem to suggest that some attack has been made upon them from their immediate surroundings. If this speculation is justifiable, two considerations at once attract attention: (1) What could be the nature of any such potentially myelinolytic agent, whether a foreign or a natural product? (2) What sort of material immediately surrounds the sheaths which could provide access for such an agent? The former will be discussed by Professor Thompson. I shall confine myself to a discussion of the second point.
Of the many questions that are awaiting answer for progress in neuropathology few are more urgent than whether or not the central nervous system possesses, as do all other organs, a tissue fluid in which all its elements are immersed. On this fundamental matter, which has regrettably failed to attract as much interest from physiologists as its nature demands, opinions derived from two invaluable technical methods are diametrically at variance. The electron microscopists have almost unanimously rejected the idea of such a fluid, though recently one or two have made some very limited, almost grudging, concessions. Pharmiacologists, studying the distribution of such substances as thiocyanate and sodium, have supposed the existence of a tissue space that occupies from a quarter to a third of the brain. If the latter view is correct it would be possible for any myelinolytic agent, irrespective of whether it was produced locally or escaped from nearby blood vessels, to approach the sheaths through the fluid that presumably surrounds them. On the other hand, if the picture presented by electron microscopy is the correct one, it seems that the injurious agent must be formed in the cytoplasm of the enveloping glial cells that are believed to be in contact with them.
This doubtwhether there is a tissue fluid in the brainexemplifies the drawbacks that are inescapably associated with our present fragmentary attacks on the complex problems of diseases of the central nervous system. Progress in neuropathogenesis will inevitably be retarded unless answers to some of these questions can be provided by investigators in other conventional fields of medical science. This is unlikely to happen unless the proponents of one method compare their findings and conclusions with those obtained by other procedures.
Myelinolytic Mechansms by Professor R H S Thompson DM (London)
In considering the pathogenesis of multiple sclerosis one is at once brought up against the problem of the biochemical mechanism involved in the development in the central nervous system of localized areas of demyelination. One view, put forward many years ago (Marburg 1906) , is that the demyelinated plaques may be the outcome of the local action of some substance causing a direct breakdown or lysis of some component of the myelin sheath. This 'myelinolytic' theory immediately poses, however, the further question as to the chemical nature of such a hypothetical lytic substance.
Since the chief chemical components of the myelin sheath are protein and lipid, abnormal breakdown of these components by a hydrolytic enzyme, a proteinase or a lipase, is one possibility. A further possibility would be that cell lysis and solubilization of myelin might be
